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In the primordial Big Bang nucleosynthesis (BBN), only the lightest nuclides (D, 3He, 4He, and
7Li) were synthesized in appreciable quantities, and these relics provide us a unique window on
the early universe. Currently, BBN simulations give acceptable agreement between theoretical and
observed abundances of D and 4He, but it is still difficult to reconcile the predicted 7Li abundance
with the observation for the Galactic halo stars. The BBN model overestimates the primordial 7Li
abundance by about a factor of three, so called the cosmological lithium problem, a long-lasting
pending issue in BBN. Great efforts have been paid in the past decades, however, the conventional
nuclear physics seems unable to resolve such problem. It is well-known that the classical Maxwell-
Boltzmann (MB) velocity distribution has been usually assumed for nuclei in the Big-Bang plasma.
In this work, we have thoroughly investigated the impact of non-extensive Tsallis statistics (deviating
from the MB) on thermonuclear reaction rates involved in standard models of BBN. It shows that
the predicted primordial abundances of D, 4He, and 7Li agree very well with those observed ones
by introducing a non-extensive parameter q. It is discovered that the velocities of nuclei in a hot
Big-Bang plasma indeed violate the classical Maxwell-Boltzmann (MB) distribution in a very small
deviation of about 6.3–8.2%. Thus, we have for the first time found a new solution to the cosmological
lithium problem without introducing any mysterious theories. Furthermore, the implications of non-
extensive statistics in other exotic high-temperature and density astrophysical environments should
be explored, which might offer new insight into the nucleosynthesis of heavy elements.
PACS numbers: 26.35.+c, 05.20.-y, 02.50.-r, 52.25.Kn
The primordial Big-Bang Nucleosynthesis (BBN) be-
gan when the universe was 3-minutes old and ended less
than half an hour later when the nuclear reactions were
quenched by the low temperature and density conditions
in the expanding universe. Only the lightest nuclides (D,
3He, 4He, and 7Li) were synthesized in appreciable quan-
tities through BBN, and these relics provide us a unique
window on the early universe. Currently, standard BBN
simulations give acceptable agreement between theoreti-
cal and observed abundances of D and 4He, but it is still
difficult to reconcile the predicted 7Li abundance with the
observation for the Galactic halo stars (GHS). The BBN
model overestimates observations interpreted as primor-
dial 7Li abundance by about a factor of three [1, 2], so
called the cosmological lithium problem, a pending issue
in BBN for a very long time. This apparent discrepancy
has promoted a wealth of experimental and theoretical
inquiries. However, conventional nuclear physics seems
unable to resolve such problem (e.g., see Refs. [3–7]). Al-
though this problem seems to be solved by introducing a
long-live massive X particles recently [8], these particles
and the relevant theories are too mysterious. Further-
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more, another model [9] in which neutrons can oscillate
into mirror neutrons has been recently proposed. Such a
mechanism allows for an effective late time neutron in-
jection, which induces an increase of the destruction of
7Be, due to an increase of the neutron capture, and then
a decrease of the final 7Li abundance. However, this the-
ory still cannot reconcile all the primordial abundances
whatever the value of the oscillation time.
In the BBN model, the predominant nuclear-physics
inputs are thermonuclear reaction rates (derived from
cross sections). In the past decades, great efforts have
been undertaken to determine these data with high ac-
curacy (e.g., see compilations [10–18]). A key assumption
in all thermonuclear rate determinations is that the ve-
locities of ions may be described by the classical Maxwell-
Boltzmann (MB) distribution [19, 20]. It is well-known
that the MB distribution was derived for describing the
thermodynamic equilibrium properties of the ideal gas,
where the particles move freely without interacting with
one another, except for very brief collisions in which
they exchange energy and momentum with each other or
with their thermal environment. This classical distribu-
tion was ultimately verified by a high-resolution experi-
ment [21] at temperatures around 900 K. However, in real
gases, there are various effects (e.g., van der Waals inter-
actions, relativistic speed limits, etc.) that make their
2speed distribution sometimes very different from the MB
form. Moreover, stellar systems are generally subject
to spatial long-range interactions, causing the thermo-
dynamics of many-body self-gravitating systems to show
some peculiar features differing drastically from typical
ones [22]. Therefore it is worth asking: does the nucleus
still obey the classical MB distribution in the extremely
complicated Big-Bang plasma environments?
To address such issues, one may utilize the Tsal-
lis statistics (also referred to as non-extensive statis-
tics) [23, 24], which is based on the concept of generalized
non-extensive entropy. Where, a parameter q was intro-
duced to describe the degree of non-extensivity of the
system. q=1 represents the classical Boltzmann-Gibbs
(BG) statistics; q>1 leads to an entropy decrease, provid-
ing a state of ‘higher order’, whereas for q<1 the entropy
increases as usual in a closed system, and the system
can be considered to evolve towards ‘disorder’. Based on
the Tsallis statistics, a recent work [25] shows that only
a small deviation δq (lying between (-12∼5)% from the
Maxwellian distribution is allowed for the BBN. However,
their treatment did not include the non-extensive impact
on the reverse rate, and the lithium problem could not
be solved either.
In this work, we have thoroughly calculated the ther-
monuclear rates for relevant BBN reactions by using the
non-extensive q-Gaussian distribution. Here, the non-
extensive distribution is only applied to the nucleus,
while the photon still obeys the Planck radiation law [26].
As shown by Torres et al. [27], the leptons and pho-
tons well satisfy the classical statistics. For the first
time, the forward and reverse reaction rates have been
obtained with the non-extensive distribution coherently.
With these non-extensive rates, the primordial D, 3He
and 4He and 7Li abundances are predicted by a BBN
code with the up-to-date cosmological parameters and
nuclear physics inputs. Excitingly, it shows that the pre-
dicted primordial abundances of D, 4He, and 7Li agree
very well with those observed ones by introducing a non-
extensive parameter in range of 1.063≤q≤1.082. There-
fore, the pending 7Li problem has been solved without
introducing any mysterious particles and theory. Thus,
we have discovered that the velocities of nuclei in a hot
Big-Bang plasma indeed violate the classical Maxwell-
Boltzmann (MB) distribution in a very small deviation
of about 6.3–8.2%.
It is well-known that thermonuclear rate for a typical
1 + 2 → 3 + 4 reaction is usually calculated by folding
the cross section σ(E)12 with a MB distribution [20]
〈σv〉12 =
√
8
piµ12(kT )3
∫
∞
0
σ(E)12Eexp
(
−
E
kT
)
dE,
(1)
with k the Boltzmann constant, µ12 the reduced mass
of particles 1 and 2. In Tsallis statistics, the q-Gaussian
velocity distribution can be expressed by [28, 29]
fq(v) = Bq
( m
2pikT
)3/2 [
1− (q − 1)
mv2
2kT
] 1
q−1
, (2)
where Bq denotes the q-dependent normalization con-
stant. Thus, the non-extensive reaction rate becomes
〈σv〉12 = Bq
√
8
piµ12
×
1
(kT )3/2
×
∫ Emax
0
σ12(E)E
[
1− (q − 1)
E
kT
] 1
q−1
dE, (3)
with Emax=
kT
q−1 for q>1, and +∞ for 0<q<1. Here, the
q<0 case is excluded according to the maximum-entropy
principle [23, 24]. Usually, one defines the 1 + 2→ 3 + 4
reaction with positive Q value as the forward reaction,
the corresponding 3 + 4 → 1 + 2 with negative Q value
as the reverse one. Under the assumption of classical
statistics, the ratio between reverse and forward rates
can be expressed by [20]
〈σv〉34
〈σv〉12
= c× exp
(
−
Q
kT
)
, (4)
with a constant factor defined as c =
(2J1+1)(2J2+1)(1+δ34)
(2J3+1)(2J4+1)(1+δ12)
(
µ12
µ34
)3/2
. With Tsallis statis-
tics, however, the reverse rate is expressed as the
following equation:
〈σv〉34 = c×Bq
√
8
piµ12
×
1
(kT )3/2
×
∫ Emax−Q
0
σ12(E)E
[
1− (q − 1)
E +Q
kT
] 1
q−1
dE. (5)
3The previous work [25] determined forward rates using
Eq. 3 but then simply determined reverse rates using
Eq. 4. In the present work we have used a coherent
treatment and numerically calculated forward and re-
verse rates using Eqs. 3 and 5. In addition, the previ-
ous work [25] restricted the integral in Eq. 3 to a narrow
energy range (±5∆E0). This approximation is actually
not sufficient for large values of δq. In the present work
we have evaluated the integrals in Eqs. 3 and 5 without
such restrictions.
As for the typical 1 + 2 → γ + 4 reaction, the reverse
rate becomes
λγ(4)
〈σv〉12→γ4
=
8piµ12
h3
(2j1+1)(2j2+1)
(2j4+1)(1+δ12)
∫
∞
0 σ12E
(
e
E+Q
kT − 1
)
−1
dE
Bq
√
8
piµ12
(kT )
−3/2 ∫ Emax
0 σ12E
[
1− (q − 1) EkT
] 1
q−1 dE
. (6)
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FIG. 1: (Color online) Ratio between rates calculated us-
ing Tsallis and MB distributions for the 2H(d,p)3H reaction
as functions of temperature T9 and q values, (a) for forward
reaction (in linear scale), and (b) for reverse reaction (in log-
arithmic scale).
The photons obey the Planck radiation law in the tra-
ditional treatment (e.g., see Refs. [10, 20, 26]), but with
an approximation of eEγ/kT − 1 ≈ eEγ/kT in calculating
the reverse rate. This approximation has been verified
recently [30] in the BBN temperatures. Here, we follow
the same treatment for photons.
We show above the impact of q values on the for-
ward and reverse rates of two types of reactions. Here,
2H(d,p)3H is taken as an example of the charged-particle-
induced reaction, and 3He(n,p)3H as that of the neutron-
induced reaction. Both are among the most important
reactions involved in the BBN. The ratios (R) between
reaction rates determined with the Tsallis-distribution
and MB-distribution are calculated for these two reac-
tions. Figs. 1 and 2 show the results for forward and
reverse rates as functions of temperature and q value.
Here, the cross section data for these two rates are taken
from the compilations of Refs. [15, 16]. In the region
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FIG. 2: (Color online) Results for the 3He(n,p)3H reaction,
see caption of Fig. 1.
of 0.1≤T9≤1.0 and 0.91≤q≤1.1, the forward rates calcu-
lated with the Tsallis-distribution deviate from the MB
rates by relatively modest factors of, at most, 2 and
0.02 for the 2H(d,p)3H and 3He(n,p)3H reactions, respec-
tively. However, the reverse rates for both types of re-
actions are supersensitive to deviations of q from unity.
For 0.91≤q≤1 (i.e., q<1), the corresponding Tsallis re-
verse rates deviate tremendously from the MB rates by
about 200 and 30 orders of magnitude for 2H(d,p)3H and
3He(n,p)3H reactions, respectively. For instance, even
with a very small deviation (q=0.999), the Tsallis re-
verse rate of 2H(d,p)3H is about 1010 times larger than
the MB reverse rate at 0.2 GK. In order to demonstrate
the impact of q>1 on the reverse rates of 3He(n,p)3H and
2H(d,p)3H reactions, the quantities of (1-R) are shown
in Fig. 3 (in logarithmic scale), where the top flat plane
(R=0) represents the reverse rates are negligible small in
comparison to the MB rates.
In order to explain qualitatively such supersensitivity,
we define the factor [1-(q-1)E+QkT ]
1
q−1 in Eq. 5 as Pq(E).
If |1-q|≪1, Pq(E) can be expressed by the first-order ap-
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FIG. 3: (Color online) Results for the reverse rates of
3He(n,p)3H and 2H(d,p)3H reactions in case of q>1. See text
for details.
proximation with [31]
Pq(E) ≈ exp
[
−
E +Q
kT
+
(
E +Q
kT
)2
×
1− q
2
]
. (7)
The ratio R defined above for the reverse rates, can then
be described approximately by R > exp[( QkT )
2× 1−q2 ] for
q<1, and R < exp[( QkT )
2× 1−q2 ] for q>1. It shows R ex-
ponentially depends on the non-extensive parameter q,
reaction Q value and temperature. In fact, the sensitiv-
ity of Pq(E) (i.e., the tail of distribution) on q results
in the huge deviations for the reverse rates compared to
those MB rates. The supersensitivity of reverse rate on
the parameter q has a very important impact: for q<1,
the reverse rates are much larger than the forward rates,
meaning that BBN is increasingly limited in its extent;
on the other hand, for q>1, the reverse rates become neg-
ligible compared to the forward ones, an opposite effect
to q<1.
We have investigated the impact of our new rates
on BBN predicted abundances of D, 3He and 4He
and 7Li using the code developed in Ref. [32]. Re-
cent values for cosmological parameters and nuclear
physics quantities, such as the baryon-to-photon ratio
η=(6.203±0.137)×10−10 [33], and the neutron lifetime
τn = 885.7 s [34], have been used in our model. The
number of light neutrino families Nν=2.9840±0.0082 de-
termined by CERN LEP experiment [35] supports the
standard model prediction of Nν=3, which is adopted in
the present calculation. The reaction network involves
nuclei with A 6 9 linked by the 34 reactions given in Ta-
ble I. In total, 17 main reactions in the network [14] have
been determined using non-extensive statistics, with 11
reactions [14] of primary importance and 6 of secondary
importance [17] in the primordial light-element nucle-
osynthesis. The standard MB rates [12, 13, 18, 38, 43, 44]
TABLE I: Nuclear reactions involved in the present BBN net-
work. The non-extensive Tsallis distribution is implemented
for 17 reactions shown in bold face. The references for the
nuclear physics data adopted for each case are also listed.
Reaction Ref. Reaction Ref.
1 n → p [34] 18 2H(α, γ)6Li [15, 18]
2 3H→3He [36] 19∗ 3H(α, γ)7Li [16]
3 8Li→24He [37] 20∗ 3He(α, γ)7Be [16]
4 6He→6Li [37] 21∗ 2H(d,n)3He [16]
5 6Li(n,γ)7Li [38] 22∗ 2H(d,p)3H [16]
6 2H(n,γ)3H [12] 23∗ 3H(d,n)4He [16]
7 6Li(p,γ)7Be [18] 24∗ 3He(d,p)4He [16]
8 6Li(n,α)3H [13] 25 7Be(d,p)24He [13, 42]
9 3He(n,γ)4He [12] 26 7Li(d,n)24He [13]
10∗ 1H(n,γ)2H [39] 27 3He(3He,2p)4He [13]
11∗ 3He(n,p)3H [16] 28 7Li(n,γ)8Li [12]
12∗ 7Be(n,p)7Li [16] 29 9Be(p,α)6Li [13]
13∗ 7Li(p,α)4He [16] 30 24He(n,γ)9Be [13]
14∗ 2H(p,γ)3He [16] 31 8Li(p,n)24He [12]
15 3H(p,γ)4He [40] 32 9Be(p,d)24He [13]
16 6Li(p,α)3He [15, 18] 33 8Li(n,γ)9Li [43]
17 7Be(n,α)4He [41] 34 9Li(p,α)6He [44]
∗: Of primary importance in the primordial BBN [14].
have been adopted for the other reactions listed. Only
those 11 primary important reactions were implemented
with the non-extensive statistics in previous work [25].
The present BBN abundances calculated with the usual
MB distribution (i.e. q=1) agree well with those previous
predicted ones [7, 25, 45], which ensures the correctness
of the present calculations.
With the new non-extensive rates, we have calculated
the D/H, 3He/H, 4He and 7Li abundances as a function
of parameter q. The results are shown in Fig. 4. It shows
that the predicted D/H, 4He and 7Li abundances agree
very well with the observations [1, 46, 47] in 1σ uncer-
tainty in parameter range of 1.063≤q≤1.082. The only
exception is that 3He/H abundance agree with the ‘obser-
vation’ [48] in about 1.6σ level (see Fig. 4). Contrary to
4He, 3He is both produced and destroyed in stars so that
the evolution of its abundance as a function is subject
to large uncertainties and has only been observed in our
Galaxy. Therefore, as explained before [45] the usually
adopted 3He/H primordial abundance observed is not a
direct observable, which can not be exactly compared to
the BBN prediction.
In fact, the BBN 7Li abundance is the sum of fi-
nal production of 7Li and 7Be. Since 7Be decays to
7Li via the electron capture (EC) when the Universe
cooled further. The direct production of these two iso-
topes are dominated by the radiative capture reactions
of 3H(α,γ)7Li and 3He(α,γ)7Be, respectively (see Ta-
ble I). In our model, the baryons are assumed to obey
non-extensive distribution, while photons still follows the
classical Planck law. That means the reverse photodisin-
tegration rates for radiative capture reactions keeping the
same rate without any change, but the forward reaction
5D/H: 3.02±0.23
He: 0.2561±0.0108
4
Li/H: 1.58±0.31
7
He/H: 1.1±0.23
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u
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FIG. 4: (Color online) Predicted primordial abundances v.s.
the non-extensive parameter q (in green solid lines). The
observed primordial abundances with 1σ uncertainty for D,
4He, and 7Li are draw together with that with 1.6σ for 3He.
The vertical (red) band constrains the range of q parameter,
i.e., 1.063≤q≤1.082, which reconcile the predicted D, 4He,
and 7Li abundances with the observed ones. Note that the
‘abundance’ of 4He exactly refers to its mass fraction.
rates are effected greatly by the non-extensive distribu-
tion. For the reactions 3H(α,γ)7Li and 3He(α,γ)7Be, the
forward rates decrease in case of q>1 owing to two as-
pects: the cross sections of both reactions are increased
nearly monotonously with increasing incident energies;
the baryon distribution here has a cut-off energy at kT(q−1)
compared to the MB case. In this circumstance, the cre-
ating rates decrease while the destructing rates keep un-
changed, resulting in a final considerable reduced produc-
tion of 7Li and 7Be. It is why our predict 7Li abundance
meets the observations. Indeed, Clayton et al. [49] also
proposed an ion distribution in the Sun with a depleted
Maxwellian tail (i.e., q >1) and ‘solved’ the famous so-
lar neutrino problem implausibly, although this was later
understood to be a consequence of neutrino oscillation.
This work shows that the predicted primordial abun-
dances of D, 4He, and 7Li agree very well with those
observed ones by introducing a non-extensive parameter
q. The long-term pending 7Li issue is hence solved by the
non-extensive statistics without introducing any mysteri-
ous particles and theory. It demonstrates that the veloci-
ties of nuclei in a hot Big-Bang plasma indeed violate the
classical Maxwell-Boltzmann (MB) distribution by a very
small deviation of about 6.3–8.2%. The present work also
reveals the striking impact that the use of non-extensive
statistics might have on calculations of thermonuclear re-
action rates. Indeed, nucleosynthesis in more extreme
astrophysical sites such as supernova explosions may be
profoundly affected by the supersensitivity of endother-
mic rates on the value of the non-extensive parameter
q. We encourage extensions of the present study to fur-
ther interrogate and test the usual assumptions of classi-
cal statistics in even exotic stellar environments (higher-
temperature and density astrophysical sites, e.g., nova,
X-ray burst or supernova), which may offer new insight
into the nucleosynthesis of heavy elements.
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